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Abstract: 
Root-knot nematodes are highly efficient plant parasites that establish permanent feeding sites 
within host roots.  The initiation of this feeding site is critical for parasitic success and 
requires an interaction with multiple signaling pathways involved in plant development and 
environmental response.  Resistance against root-knot nematodes is relatively rare amongst 
their broad host range and they remain a major threat to agriculture.  The development of 
effective and sustainable control strategies depends on understanding how host signaling 
pathways are manipulated during invasion of susceptible hosts.  It is generally understood 
that root-knot nematodes either suppress host defense signaling during infestation or are able 
to avoid detection altogether, explaining their profound success as parasites.  However, 
when compared to the depth of knowledge from other well-studied pathogen interactions, the 
published data on host responses to root-knot nematode infestation do not yet provide 
convincing support for this hypothesis and alternative explanations also exist.  It is equally 
possible that defense-like signaling responses are actually induced and required during the 
early stages of root-knot nematode infestation. We describe how defense-signaling is highly 
context-dependent and that caution is necessary when interpreting transcriptional responses in 
the absence of appropriate control data or stringent validation of gene annotation.  Further 
hypothesis-driven studies on host defense-like responses are required to account for these 
limitations and advance our understanding of root-knot nematode parasitism of plants. 
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1. Root-knot nematodes are plant parasites 
The plant root interface is constantly subject to a dynamic range of interactions with other 
organisms.  These can be beneficial in many cases, such as with plant growth promoting 
bacteria and mycorrhizal fungi, whereas a compatible interaction with a parasite or 
pathogenic microorganism can have drastic negative consequences on plant growth and yield.  
Root-knot nematodes (Meloidogyne spp.) are parasitic worms that invade plant root systems 
and establish permanent feeding sites within the central vascular cylinder.  They have a very 
broad host range and are able to infest almost all vascular plants.  Infestation results in the 
appearance of distinctive swollen gall-like structures in the root and disease symptoms in the 
leaves that resemble nutrient or water deficiency as a result of impaired root function [1]. 
Four of the over 90 known species of root-knot nematode are widespread and together 
cover most agricultural regions: M. incognita, M. hapla, M. arenaria and M. javanica.  
These four species are therefore the focus of most scientific research in this area and the 
genome sequences of two are now available [2].  All root-knot nematodes have the same 
infestation strategy and induce similar feeding cells, although differences can exist in overall 
gall morphology including the presence of lateral roots emerging from the galls and tolerance 
to abiotic conditions such as cold.  Stable or even transient genetic transformations of plant 
parasitic nematodes have yet to be achieved, limiting extensive studies on parasitic factors 
that contribute to host infestation.  RNAi approaches can be applied for transient knockdown 
of root-knot nematode transcripts either pre- or post-infestation [3].  In the case of M. hapla, 
genetic crosses and mapping of functional genes is also possible [2]. 
The root-knot nematode infestation process can be considered a much more delicate 
interaction with plant roots than that of other parasitic nematodes [1].  Root-knot nematode 
juveniles enter the root cortex near the elongation zone and first migrate towards the meristem 
before turning around into the stele and moving to differentiating vascular cells [4,5] (Figure 
1A-C).  This migration occurs between the cells rather than through them and therefore 
results in minimal cell destruction.  Once the root-knot nematode juvenile reaches its target 
site, it induces the formation of a permanent feeding site comprised of several enlarged “giant 
cells” [1] (Figure 2A-C).  The development of new sustainable strategies to control root-knot 
nematodes is currently limited by a lack of understanding of root-knot nematode parasitism at 
the molecular level, particularly one that explains the broad host range.  Understanding how 
host plants perceive and respond to this unique parasitic activity is therefore essential for 
breeding programs to confer effective resistance against root-knot nematodes in agricultural 
crops.  Clarification of these host responses will also provide important biological insight 
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into the virulence mechanisms that have evolved in root-knot nematodes during the history of 
plant-nematode interactions. 
 
2. Host immunity in plant-parasite interactions 
A typical plant defense response against a pathogen or parasite begins with perception by 
the host at the local site of initial contact.  This initiates a signaling process that can include 
multiple exchanges between various pathogen or parasite-associated molecules and different 
host proteins.  Our current understanding of host defense responses at the molecular level is 
primarily based on the interaction between plant leaves and pathogenic microorganisms, 
which are considered to follow a zig-zag model where the final unmatched pathogen- or 
host-derived activity determines the outcome of susceptibility or immunity [6].  Under the 
zig-zag model, there are two paths to immunity that differ according to their activating 
stimuli: the first is triggered by molecular patterns from the pathogen or damaged host cells in 
the apoplast, whereas the second is triggered by specific recognition of effectors introduced 
into the host cell by the pathogen [6,7].  Successful pathogens are able to prevent immunity 
either by avoiding/suppressing recognition of the molecular patterns or by introducing 
effectors that effectively block the relevant defense signaling pathways once activated. 
In the case of plant pests that feed inside plant tissues, such as gall midges, leaf miners 
and root-knot nematodes, the above zig-zag model and corresponding defense signaling 
pathways are also thought to underlie their interactions with the plant host [8-10].  This has 
been suggested by analysis of host transcriptional responses to infestation and by the 
histology of host resistance when an outcome of immunity is achieved, although experimental 
confirmation that the zig-zag model directly applies to plant-parasite interactions is still 
required. 
Plant hormones function at the core of the immune signaling network and genes 
differentially expressed as part of this hormone signaling can serve as markers for the 
activation of a defense response [11].  The two main hormones that take part in defense 
signaling are salicylic acid and jasmonic acid, both of which show increased biosynthesis 
upon pathogen attack and have complex regulatory relationships with other hormone 
signaling pathways [12,13].  In addition to the network of transcriptional changes that 
accompany host defense signaling, a range of cellular responses are also activated at the local 
site of contact that restrict pathogen growth such as the production of reactive oxygen species 
and antimicrobial metabolites, activation of specific protein kinases and deposition of callose.  
Immunity against biotrophic pathogens is also often associated with a hypersensitive response 
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that is characterised by rapid and localised cell death that helps isolate the pathogen.  The 
hypersensitive response is often used as a visible measure of an effective defense response 
and a hallmark of immunity, however, caution must be taken as the hypersensitive response is 
not essential and immunity can be achieved without an outcome of cell death [14].   
The host response to a pathogen does not stop only with immunity at the local site of 
infection, hormone-mediated signals spread systemically throughout the plant and increase 
the defense capacity at other tissues not yet exposed to infection [15].  This systemic 
acquired resistance usually occurs through a salicylic acid-dependent signaling process.  
Conversely, interactions with non-pathogenic beneficial microorganisms or herbivores can 
also promote jasmonate- and/or ethylene-dependent priming of an induced systemic resistance 
defense response at distal tissues.  Similar to that for local responses, the salicylate and 
jasmonate pathways can have a neutral or synergistic role in promoting the systemic 
resistance responses [12,16]. 
A hypersensitive response in host cells during early infestation can confer resistance 
against root-knot nematodes, which are unable to complete induction of the feeding site and 
have presumably lost the ability to migrate further [4].  During the invasion of susceptible 
hosts some cellular damage does occur [4,5] and would provide a potential source of 
molecular patterns that could trigger an immune response.  Despite this, effective immunity 
against root-knot nematodes is rarely observed amongst its wide range of hosts.  Due to 
these observations, there is a general understanding that root-knot nematodes have either 
evolved a cuticle that can avoid host detection or they actively suppress host defense signaling 
during the early infestation stages [10,17,18].  While this seems to be the most logical 
conclusion and several reports are consistent with defense suppression, this hypothesis 
remains to be directly tested.  A closer examination of the data published to date reveals 
alternative explanations are also possible and should be considered. 
 
3. Local host responses to root-knot nematode infestation 
Defense signaling pathways are typically first activated at the local site of infestation.  
When considering host responses to root-knot nematodes, the local site of infestation needs to 
be carefully defined since the nematodes migrate within the roots to target cells some distance 
from where they first penetrated.  Nematode feeding also occurs over several weeks at this 
single site without spreading to other regions.  In a spatial sense, a root gall may indeed be 
similar to localised tissue since that is where the parasite is present, however these abnormal 
root structures are spatially and temporally distant from the site of initial invasion when 
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perception and interaction with the host defense pathway is critical.  In the majority of 
experimental assays used to study host changes, nematodes migrate through the root during 
the first 24h after inoculation and may have selected target cells by the end of this period, 
which we refer to as the “invasion” stage of infestation (Figure 2A).  By 2 days post 
inoculation the infestation process enters an “induction” stage, reprogramming of host cells 
into giant cells is initiated and the nematode juveniles become sedentary.  Gall formation is 
apparent on the roots by 3 to 4 days and early giant cells can be identified within dissected 
gall tissues.  The gall structures and giant cells then continue to mature and by 7 to 10 days 
have developed the typical morphology of mature infestation sites, which we refer to as the 
“nutrient acquisition” stage of infestation. 
One of the initial studies on whether molecular recognition of the nematode occurs 
during the invasion stage combined differential display analysis with a method for 
synchronous infestation of tomato roots [19].  Several transcripts accumulated to a greater 
level in host roots during the first 24 h of nematode invasion when compared to non-infested 
root tips and potentially encoded proteins with stress-related functions [19] (Figure 3).  
These results are consistent with a signaling response to invasion in susceptible roots, 
although it was not possible to distinguish whether the increased expression of these genes 
were part of specific parasite recognition or were a non-specific wounding response to root 
penetration that may or may not have been subject to some degree of suppression.  Two 
more recent studies attempted to address this problem by utilising microarrays to profile 
global gene expression changes in infected tomato root tips at 1 day after inoculation.  The 
results from these two experiments were inconsistent: one study observed that the majority of 
the differentially expressed defense-related genes were up-regulated at 1 day when compared 
to mock-infested roots that were treated with a sterile cellulose solution [20]; the second 
independent study found that a larger proportion of stress-related genes were either 
down-regulated or were not differentially expressed at 1 day when compared to non-infested 
roots [21].  Some of the responses observed in the first study could be due to wounding 
rather than direct parasite perception [20]. 
Increased expression of several defense-related genes has been identified in differential 
display-based analyses of Arabidopsis root galls at 3 days post inoculation compared to 
corresponding root sectors from non-infested plants [22] and within giant cells isolated from 
tomato roots at 4 days by laser-capture microdissection that were compared to cells adjacent 
to the vascular cylinder in non-infested roots at a similar age [23].  However, genome-wide 
profiling studies of different plant hosts during this post-induction/early nutrient acquisition 
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stage of infestation appear to support the general consensus for a suppression or absence of 
host defense signaling in giant cells induced by root-knot nematodes.  In a microarray 
analysis of giant cells isolated from Arabidopsis roots at 3 days, genes included within the 
biotic stress functional category were in a general trend toward reduced transcript 
accumulation when compared to vascular tissues of non-infested root sections [24].  Similar 
results were also observed in giant cells isolated from infected tomato roots at 3 days and 
compared to vascular cells from non-infested roots [21].  These observed trends for 
defense-related genes do become inconsistent however when the analyses include the root 
tissue surrounding the giant cells.  Several pathogenesis-related and wound-related genes 
that were repressed in giant cells were not differentially expressed in surrounding cells, 
whereas other stress-related genes that did not change in giant cells were either repressed or 
induced in the surrounding cells as determined by comparing whole galls to non-infested root 
fragments [21,24].  Biotic stress-related genes were not differentially expressed or had 
reduced transcript accumulation in infested rice roots compared to non-infested root tips at 
similar early time points, although conflicting responses of both induction and repression 
were observed within the jasmonate pathway [25,26]. 
Variable results on gene expression changes linked to a host defense response have been 
reported at later stages of nutrient acquisition when the root tissues show clear infestation 
galls.  A microarray analysis of Arabidopsis thaliana galls at 7 days post inoculation 
identified a similar number of defense- and cell rescue-related genes that had reduced or 
increased transcript accumulation compared to non-infested root fragments that had the 
meristems removed [27].  By 14 days, a large proportion of genes in this functional category 
were either repressed or were not significantly different in transcript accumulation.  
Conversely, conflicting changes in the expression of genes involved in the biosynthesis of 
defense compounds or encoding pathogenesis-related proteins were observed in a microarray 
analysis of infested soybean roots at 12 days that were compared to control non-infested roots 
[28].  Increased transcript accumulation for several defense-related genes was observed in a 
mRNA-Seq analysis of galls on rice roots at 7 days post inoculation compared to non-infested 
root tips that included the root meristem, although a different putative defense-related gene 
was suppressed in the same samples [26].  A direct analysis of five defense marker genes in 
bulked root systems of infested and non-infested Arabidopsis suggested an absence of host 
defense signaling at the earlier stage of 5 days followed by a temporal increase later in 
infestation [29].  Similar temporally-dependent and conflicting changes in defense-related 
gene expression were also observed in a microarray analysis of infested tomato roots at 5 days 
 9 
and 10 days that were compared to root sections from control mock-infested plants treated 
with water [30].  Due to the fact that infestation sites are generally already well developed 
by 7 days, it is difficult to distinguish whether changes at these stages are a local response to 
pathogen invasion, a systemic response to the infestation itself or an endogenous response to 
altered plant metabolism.  Within the giant cells themselves, the general trend is clearer than 
that for surrounding tissues and the majority of differentially expressed defense-related genes 
were found to be down-regulated throughout the nutrient acquisition stage [21,24]. 
Once the induction stage of infestation is reached, the root-knot nematode parasite has 
already successfully invaded the host root tissue and initiated development of a permanent 
feeding site.  While it is important to clarify the molecular changes occurring in the host 
during development of the infestation site, it is unclear what functional significance a 
perturbation of host defense signaling would have at these post-invasion stages.  The 
effective immune response provided by the Mi-1 gene in tomato that confers resistance 
against root-knot nematodes carrying the Cg-1 gene is one well studied example [31].  In 
this incompatible interaction, nematode juveniles are able to migrate to the target host cells in 
the stele but the infestation does not proceed further and immunity is achieved.  Reactive 
oxygen species accumulate around the invading juveniles indicating the activation of a full 
immune response, which is followed by a hypersensitive response when the juveniles become 
sedentary and try to initiate a feeding site [4,32].  The first 24 h of infestation when 
nematodes migrate through the roots can therefore be considered the critical period for 
determination of success of infestation.  An important question is whether the host detects 
this parasite invasion in a compatible interaction and what kind of interactions occur in host 
defense signaling pathways that determine this success.  As outlined above, convincing 
evidence that the nematode avoids host defense remains unavailable and it is clear that a 
consensus is yet to be reached on the nature of host defense signaling during root-knot 
nematode invasion of plant roots. 
 
4. Systemic resistance and root-knot nematode infestation 
The strongest evidence that suppression of host defense-like signaling is required for 
efficient root-knot nematode infestation of plants comes from studies on host susceptibility 
following pretreatment with plant hormones that induce systemic resistance.  Treatment of 
plants with salicylic acid or synthetic analogs such as benzothiadiazole is generally able to 
induce defense-like responses in distal tissues that enhances resistance to subsequent 
pathogen attack.  Induced resistance can also be achieved through the jasmonate signaling 
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pathway by treatment of tissues with active jasmonate derivatives.  At the local site of 
invasion, salicylic acid levels that maintain the incompatible interaction provided by the Mi-1 
resistance gene are important [33].  However, foliar pre-treatment of rice and tomato plants 
with salicylic acid analogs only slightly reduced susceptibility suggesting that the 
salicylate-mediated signaling may not have a major influence on root-knot nematode 
infestation of susceptible plants [25,33,34].  Conversely, foliar pre-treatments with 
jasmonates markedly reduced root-knot nematode infestation in both tomato and rice 
[25,35,36].  This negative influence of the jasmonate pathway stimulation prior to root-knot 
nematode infestation could potentially be consistent with a requirement for root-knot 
nematodes to suppress or avoid activation of the jasmonate defense signaling pathway for 
successful parasitism of host plants. 
The analysis of defense-related gene expression in systemic tissues, however, has added 
to the confusion about how host defense signaling is manipulated during root-knot nematode 
infestation.  Defense marker genes were down-regulated in aerial tissues of tomato and rice 
plants compared to that in non-infected plants, suggesting that the nematode infestation had 
induced a systemic suppression of defense signaling throughout the plant [29,37].  Based on 
these observations, a systemic suppression of host defense signaling in roots could also 
therefore be expected.  Surprisingly this was not the case and the systemic defense 
suppression was not conserved in the root tissues in both tomato and rice susceptible hosts.  
Most of the defense marker genes examined had increased systemic expression in the root 
tissues that was opposite to the consistent repression observed in the aerial tissues of the same 
plants [29,37]. 
 
5. Defense-like signaling independent from immunity? 
Treatment of plants with active jasmonates is usually performed to stimulate the 
jasmonate signaling pathway with the assumption that reduced parasite infestation would be a 
consequence of induced resistance.  However, a requirement for normal jasmonate signaling 
could potentially be independent from its role in conferring immunity.  Jasmonate in plant 
roots fine-tunes auxin distribution by modulating the sub-cellular distribution of the PIN2 
auxin transporter [38].  Disruption of jasmonate signaling either by genetic mutation or 
methyl jasmonate treatment can affect important developmental processes such as the 
initiation of lateral root growth and gravitropism [38,39].  Jasmonate signaling also has a 
role in regulating the development of wall ingrowths in certain types of plant transfer cells.  
Transfer cells within the phloem parenchyma of Arabidopsis and Senecio vulgaris have 
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secondary wall ingrowths that protrude into the cell and increase plasma membrane surface 
area specifically at regions next to sieve elements facilitating enhanced solute uptake.  Foliar 
treatments of wild-type plants with methyl jasmonate and parallel analysis of mutant plants 
demonstrated that the jasmonate signaling pathway is required for extensive remodeling of the 
wall ingrowths in these cells in response to changes in environmental conditions [40].  The 
giant cells induced by root-knot nematodes share many features with the specialised transfer 
cells typically found in phloem and xylem parenchyma, one of which is the development of 
extensive cell wall ingrowths polarised to regions directly adjacent to vascular elements [1].  
There is also a suggested role for auxin and other regulatory signals related to lateral root 
initiation in gall formation and development of the nematode feeding site that could therefore 
be sensitive to jasmonate activity [41]. 
Correct jasmonate signaling may also be important for the interaction between the roots 
and beneficial microorganisms in addition to alternative roles in general plant developmental 
pathways.  Defense-like responses such as activation of the phenylpropanoid pathway and 
enhanced flavonoid biosynthesis can stimulate the expression of nodulation genes in 
symbiotic rhizobacteria, leading to greater rhizobia attraction to the roots and also enhanced 
nodulation efficiency [42].  This induction is also observed in the presence of jasmonate 
suggesting that jasmonate signaling positively regulates the interaction between legume host 
plants and symbiotic rhizobia [42,43].  Foliar treatment of the legume Lotus japonicus with 
methyl jasmonate prior to inoculation with symbiotic rhizobacteria significantly repressed 
nodulation [44].  This effect could potentially be explained by disturbed signal transduction 
through the symbiosis pathway, rather than a consequence of induced resistance or ectopic 
activation of an enhanced immune response [43].  Jasmonate signaling has also been linked 
to regulation of carbon partitioning within roots colonised by arbuscular mycorrhizal fungi, 
suggesting a further role for jasmonate in broader symbiotic interactions [43].  A 
requirement for an intact jasmonate signaling pathway during interactions with the plant root 
is not limited only to symbiotic interactions.  The fungal pathogen Fusarium oxysporum 
requires an intact jasmonate pathway for efficient infection of host Arabidopsis roots [45].  
Analysis of different jasmonate mutants revealed that the susceptibility to disease was 
dependent on downstream signaling components of the pathway rather than jasmonate 
biosynthesis, consistent with a non-defensive role for jasmonate signaling that can be used to 
promote infection of host roots. 
 
6. Percolation of annotation errors: right gene, wrong function? 
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Our understanding of biological processes associated with root-knot nematode infestation 
of plants is largely inferred from the annotation assigned to differentially expressed genes.  
In the case of defense-related genes, examples exist where the encoding proteins can have 
other functions within the plant unrelated to providing immunity [46].  A more critical issue 
is that the underlying annotations assigned to the differentially expressed genes may be 
incorrect, raising doubt about the validity of the inferred processes. 
A reexamination of genome annotation in three different sequenced microorganisms 
estimated that up to 30% of the annotations based on sequence homology alone could be 
incorrect, highlighting the issue of intrinsic error emerging in genomic databases [47].  
Assignment of gene function is routinely based on the assumption that similar sequences will 
have similar function, as a result sequences deposited in genomic databases such as GenBank 
often inherit their annotation from other existing annotated sequences that share homology.  
The possibility for existing annotations with incorrect assignments to propagate to new ones 
in an undetectable and unchecked manner is implicitly built into this hierarchical method of 
annotation.  An extensive amount of theory has been developed to study the potential chain 
of missannotation in biological databases, leading to this phenomena being termed “error 
percolation” [48]. 
A recent study revealed the extent that percolation error has influenced three major public 
sequence databases: GenBank, TrEMBL and KEGG.  A well-studied set of 37 protein 
families with extensive experimental data was selected as a test set and revealed a high degree 
of missannotation, up to 80% in the three databases [49].  The majority of error was 
associated with over-prediction of molecular function in the absence of appropriate evidence, 
or incorrect inference based on the presence of protein domains.  This error rate is increasing 
over time and almost 40% of sequences submitted to GenBank in 2005 were missannotated 
compared to almost no missannotation within the database in 1993 [49]. 
Alarmingly, assignments of gene function have not been subject to the same level of 
scrutiny as that for genome assembly algorithms.  Gene annotations are therefore deposited 
in databases often without validation.  It is necessary to recognise that the underlying 
annotation and inferred function for many differentially expressed genes identified in global 
transcriptome analyses could be unreliable and called into question.  To reduce the risk of 
erroneous inference in subsequent research, emphasis should be placed on distinguishing 
annotations that have been experimentally derived from those that are based purely on 
computational predictions (Figure 4). 
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7. Defense marker genes: a question of context 
The presence of a host defense signaling response can often be determined at the 
molecular level using well established marker genes that are induced when defense pathways 
are activated.  Current knowledge on defense signaling and associated marker gene 
expression is derived mainly from extensive studies on host-pathogen interactions in the aerial 
tissues of plants.  It is important to recognise that these responses represent a consensus that 
may not be conserved throughout the whole plant and can show strong temporal and spatial 
dependence [50].  The outcome of an immune response can vary according to the growth 
phase of the plant or the specific tissue exposed to a pathogen.  In the interaction between 
the oomycete Hyaloperonospora parasitica and its Arabidopsis host, genetic resistance is 
provided by the RPP1 gene that results in a typical immune response accompanied by 
production of reactive oxygen species and localised cell death.  This RPP1 gene is 
constitutively expressed in both the leaf and root tissues, however the resistance response is 
specific to the leaves, and the roots of the same plant remains susceptible to H. parasitica 
infection, suggesting a dependence on other tissue-specific factors [51].  The Mi-1 gene that 
confers resistance against a select range of root-knot nematode species and aphid infestations 
in tomato also had similar developmental dependence.  Aphid resistance mediated by Mi-1 is 
only effective in the leaves of host tomato plants after they complete a phase transition to 
reproductive growth, despite the fact that resistance against root-knot nematodes is provided 
throughout all stages of the plant life cycle [52].  Moreover, this resistance against aphid 
infestation was not modulated by changes in Mi-1 transcript levels, highlighting the presence 
of complex downstream signaling pathways subject to developmental control.  
Region-specific differences can also exist within the same tissue at the same developmental 
phase.  Exposure of Arabidopsis roots to the Flg22 microbe-associated molecular pattern 
triggered a strong immune response confined to the elongation zone of roots, whereas an 
opposite pattern was observed for a different microbe-associated molecular pattern that 
induced an immune response only in the maturation zone [53]. 
Differences between roots and leaves in defense signaling have been reported at the gene 
transcriptional level that would underlie immune responses such as those described above.  
An antagonistic relationship is typically observed between the salicylate- and 
jasmonate-dependent transcriptional responses in aerial tissues, whereas marker genes 
representing the salicylate and jasmonate signaling pathways were cooperatively induced 
during infection of Arabidopsis roots by oomycete and fungal pathogens [54,55].  The 
putative defense gene PR-1a is one example where failure to properly account for 
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developmental context could lead to misinterpretation.  PR-1a was up-regulated systemically 
in leaves of tomato plants infested with root-knot nematodes, but there was no differential 
expression in root tissues [34].  While the absence of defense-related gene activation is 
sometimes taken as support for suppression of defense signaling, the PR-1a gene was not 
detectably expressed in roots treated with synthetic analogs of salicylic acid.  These 
treatments induced the expression of PR-1a in leaves, suggesting that the absence of gene 
induction in roots was not due to suppression but rather the irrelevance of this gene to the 
defense response within a root [34]. 
In taking stock of what an observed signal or transcriptional response represents, it is 
critical that gene expression markers are compared to some form of control treatment 
obtained within the same developmental context.  As examples discussed above demonstrate, 
caution must be taken when extrapolating expected signaling responses from different tissues 
or growth phases.  Increased transcript accumulation of putative defense-related genes has 
been observed during initial root-knot nematode invasion [19,20], however, if these genes 
were to normally increase 200-fold during other typical immune responses then in this context 
the observed expression levels could actually represent a suppressed state.  It is difficult to 
judge this without parallel control data, which could also validate these putative 
defense-related genes as markers of defense signaling in roots.  Putative biotic stress 
response genes were transcriptionally activated to a much stronger degree in host rice roots 
following migratory nematode infestation compared to that of root-knot nematodes [26].  By 
having this comparison available, it is possible to suggest that the observed host response to 
root-knot nematodes was likely subject to some form of suppression even though the genes 
studied showed differential expression.  The PAD4 gene of Arabidopsis, which is induced as 
part of the defense response to microbial pathogen infection, is another example that was 
confirmed to be involved in salicylate signaling by comparing its attenuated response in 
signaling mutants to that of wild-type plants treated directly in parallel [56].  The correct 
inference of host defense signaling responses can therefore only be achieved when these 
signals are placed in the appropriate context and contrasted to control treatments of a tissue or 
cell type that has relevance to the specific interaction being studied. 
 
8. Functional evidence for an interaction with host defense signaling 
Manipulation of host cell biology by root-knot nematodes to establish infestation sites, 
including any possible suppression of host defense, is likely to be modulated by effector 
proteins that are secreted by the nematode during the invasion and induction stages [57].  
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Evidence for such effector activity and an essential manipulation of defense signaling 
pathways is much stronger for the cyst nematodes, which are a different sedentary 
endoparasite that also establish permanent infestation sites in plant roots.  Experimentally 
validated insight into cyst nematode effector proteins is often extrapolated to imply the 
presence of root-knot nematodes effectors that also interact with the defense pathway [10,57].  
However, major differences exist between these two nematodes and such generalisation risks 
misdirecting the elucidation of root-knot nematode infestation biology.  Cyst nematodes are 
typical of many plant pathogens that have a narrow host range limited to a defined set of plant 
species.  Unlike root-knot nematodes, they also penetrate plant roots in a destructive manner 
by piercing through plant cells and create their feeding site by inducing the fusion of several 
plant cells without gall formation on the roots [58].  At present, only one putative effector 
protein from root-knot nematodes has been tentatively linked to the manipulation of plant 
defense during infestation [57,59].  Ectopic expression of the root-knot nematode-secreted 
calreticulin protein was found to suppress the immunity response associated with pathogenic 
microorganisms when triggered in plant leaves by the bacterial elf18 peptide.  A difference 
was also seen in root-knot nematode infestation of these plants, although the potential 
interaction of this protein with the defense pathway in roots and its role in establishment of 
infestation sites is less clear. 
One of the more convincing approaches to understand the functional relevance of host 
defense signaling during root-knot nematode infestation is to take advantage of genetic 
mutants in which the pathway is perturbed.  The jai1 mutant of tomato is defective in 
jasmonate signaling and had significantly reduced root-knot nematode infestation compared 
to that of wild-type plants [20].  This surprising result suggested that an intact jasmonate 
pathway is actually required during the infestation process, in contrast to its expected role for 
modulation of an immune response.  A similar requirement was seen for fungal pathogen 
infection of Arabidopsis roots [45], suggesting this may be a common theme of 
root-pathogen/parasite interactions. 
 
9. Conclusion and perspectives 
The establishment of a permanent feeding site by parasitic root-knot nematodes requires 
manipulation of host cell physiology and interaction with multiple signaling pathways that 
modulate plant development and environment responses.  It has been proposed that root-knot 
nematodes are such successful parasites because they have evolved an ability to either 
suppress host defense signaling or evade detection during the initial stages of infestation.  
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We highlight here how the evidence for such a suppression is based mainly on observation of 
gene expression profiles or ectopic treatment assays and remains unconvincing. 
Interpreting global transcription studies can be problematic because differentially 
expressed genes can often have annotation and functional descriptions that are not validated 
and/or are unreliable [49].  This greatly restricts the ability to accurately infer which 
signaling pathways are activated or manipulated during the infestation process.  Given the 
information currently available on transcriptional responses during root-knot nematode 
infestation, it is also plausible that root-knot nematode invasion is indeed recognised and 
defense-like responses are activated without influencing whether an outcome of immunity is 
achieved. 
Exogenous treatment of plants with active jasmonates is expected to stimulate the 
jasmonate signaling pathway.  If this pathway is indeed utilised for the development of 
root-knot nematode infestation sites, how then would it be possible to explain the 
observations that such treatments resulted in increased host resistance?  One possible 
explanation could come from the understanding that defense-like signaling pathways can have 
altered outcomes depending on how the network was previously stimulated [13,60,61].  The 
context of pre-exposure may therefore be critical with a consequence that jasmonate signaling 
processes normally induced by root-knot nematodes could become diverted into an immune 
response by such treatments.  A second possibility is that jasmonate pre-treatment does not 
actually induce resistance at all, but rather it interferes with the ability of root-knot nematodes 
to efficiently use the jasmonate pathway for key developmental processes such as cell 
division or wall restructuring.  Reduced nematode egg production on jasmonate-treated 
plants would therefore represent a defect in feeding site function and not be an outcome of 
localised cell death or Mi-1-like resistance responses that prevent feeding site induction when 
immunity is achieved (Figure 5).  Support for such an argument can be found in the direct 
observations of root-knot nematode juveniles in jasmonate-treated rice plants, which appeared 
to stall after initiating giant cells and undergoing at least one molt suggesting that some 
degree of feeding had already occurred [25]. 
A fundamental question remains as to whether defense-like signaling responses do indeed 
become activated during migration in the roots prior to initiation of the feeding sites.  We 
propose that appropriate marker genes for a defense signaling response in roots first need to 
be identified that show differential expression under the same experimental conditions as that 
used for the respective nematode infestation bioassay.  Putative marker genes can be 
validated by treating root tips of the selected host plant with salicylic acid, jasmonate and 
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mechanical wounding and assaying transcript changes over a relevant time course.  These 
control experiments would provide accurate context for a hypothesis-driven comparative 
analysis with parallel data from nematode infestation and help distinguish whether responses 
to root-knot nematode invasion are due to wounding or parasite recognition and to what 
degree they may be suppressed.  Subsequent studies that combine genetic mutants in defense 
signaling and plant development with nematode infestation assays and global expression 
profiling would unleash the power of systems biology to investigate the biological processes 
involved [13].  Defining the specific network components mediating changes in the profiles 
would greatly facilitate interpretation of the profiles and assist in clarifying their relevance 
even when the annotated molecular function of the differentially expression genes are 
inaccurate or unknown.  Experiments showing reduced nematode infestation by either 
exogenous hormone treatment or perturbation of a molecular pathway should also recognise 
the possibility of non-defensive roles in infestation site function [38,40].  These experiments 
should therefore be accompanied by histological analysis of the infestation sites to validate 
whether the phenotype is indeed due to an immunity response or other defect. 
Understanding the relationship between host defense-like signaling pathways and 
root-knot nematodes during invasion is essential for identifying the key molecular targets that 
define this parasitic process.  Answering this core question has an impact that goes beyond 
basic science and extends to applicability for new agricultural technologies as well.  New 
research directions must be forged in addition to the above proposed experiments to facilitate 
the development of sustainable control strategies and reduce the burden of nematode 
parasitism on worldwide agricultural production. 
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Figure Legends 
 
Figure 1: Root-knot nematode invasion of plant roots. 
(A) A root-knot nematode juvenile (red arrowhead) approaching the tip of a tomato plant 
growing in axenic culture. (B) Root-knot nematodes (stained red) entering the root cortex, and 
(C) turning around in the meristematic zone and migrating in the stele. Unsharp masks and 
gamma filtering have been applied to the images for clarity.  Scale bars = 100 um. 
 
Figure 2: The root-knot nematode infestation cycle. 
(A) Root-knot nematode infestation is divided into three major stages: “invasion” (see also 
Fig 1); “induction” when target cells have been selected, cell changes are induced, giant cells 
become visible and the nematode proceeds to first molt; “nutrient acquisition” when feeding 
cells become fully developed, galls mature and the nematode progresses through its life-cycle.  
The parasitic nematode is shown as a dark-brown shape growing inside the roots, giant cells 
are shown as lighter brown circles. (B) Cross-section of an infected Lotus japonicus root at 2 
weeks post-inoculation showing giant-cells induced by a root-knot nematode parasite, which 
is enlarging as it develops into an adult.  Scale bar = 100 um.  GC, giant cells; n, nematode.  
(C) Completion of the root-knot nematode life-cycle.  Egg masses (stained red) produced on 
the outer surface of the Lotus japonicus root gall by mature female adults.  Each gelatinous 
egg mass is from a separate individual and contains several hundred eggs.  Scale bar = 1 mm.  
Unsharp masks and gamma filtering have been applied to images (B) and (C) for clarity. 
 
Figure 3: Defense-related gene expression during root-knot nematode infestation. 
The general pattern for genes identified in the respective publications as being defense- or 
stress-related and showing differential expression in at least one stage of infestation are 
summarized.  The root drawings indicate whether the whole root/gall together with giant 
cells were examined (root tissue grey), or whether giant cells specifically isolated from the 
roots were examined (giant cells grey).  Giant cells represent a minor portion of the sample 
in whole root galls and are thus shown as white in the respective root schematic for contrast.  
See the main text for information on the control tissue used for comparison in each case, 
references cited are also the same as in the main text.  Note that in most cases the putative 
functions of these genes are derived from annotation only and not validated (see Section 6).  
Gene expression responses should also be interpreted with caution as parallel control 
treatments in the same context are generally unavailable (see Section 7). 
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Figure 4: Recommended flow chart for interpreting global expression analyses of 
plant-parasite interactions.  Emphasis should be placed on using annotation that has been 
derived or validated experimentally.  The interpretation of expression responses should also 
take into account the temporal and spatial context of the cells examined. 
 
Figure 5:  An alternative hypothesis for the interaction between root-knot nematodes and 
host jasmonate signaling.  Jasmonate influences root development and the formation of 
transfer cell wall ingrowths [39,40].  Both of these processes are implicated in the 
development of root-knot nematode infestation sites and could be disrupted by pre-exposure 
treatment with exogenous jasmonate.  This would explain the requirement for jasmonate 
signaling in root-knot nematode infestation [20] and indicate that jasmonate signaling 
responses are activated, rather than suppressed, by root-knot nematodes during the invasion 
and induction stages for infestation site development. 
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